This study was conducted to validate echocardiography in chickens, and to compare cardiac structure and function between broiler and Leghorn chickens. Diameters of the right and left ventricles, and thicknesses of the left ventricular free wall and the interventricular septum were measured echocardiographically in 5-and 7-wk-old chickens from both lines. Images were obtained from minimally restrained, standing birds using a 7.5 MHz probe placed in a parasternal position. End-systolic and end-diastolic echocardiographic measurements were compared with post-mortem measurements of the same variables. Comparisons resulted in correlation coefficients greater than 0.70 between in vivo (echocardiographic) and postmortem measurements of the same variables, with postmortem measurements more closely resembling enddiastolic echocardiographic measurements. After being normalized to body weight, post-mortem myocardial thicknesses, aortic and left ventricular diameters, heart weight at 5 wk of age, and left ventricular weight at 7 wk of age were smaller in broiler than in Leghorn chickens. Echocardiographic parameters, including ventricular wall thicknesses, ventricular diameters, and left ventricular fractional shortening, were also smaller in the broiler chicken. Right ventricular fractional shortening did not differ between the chicken lines. These results indicate that echocardiography is a useful noninvasive technique for in vivo evaluation of cardiac structure and function in the chicken, and that broiler chickens have a relatively smaller structural and functional heart than Leghorn chickens.
INTRODUCTION
Electrocardiography, vectorcardiography, and phonocardiography have been used to perform repeated evaluations of cardiovascular function in chickens (Im et al., 1989; Odom et al., 1991 Odom et al., , 1992 Owen et al., 1995) . These techniques, however, assess cardiac function indirectly, and noninvasive means to directly and repeatedly monitor cardiac morphology and function in the chicken are needed.
Echocardiography is a noninvasive technique used for the evaluation of cardiac structure and function in both experimental, and clinical settings. The unique feature of this technology is real time visualization of the living, beating heart. With this technique, reliable heart mass, chamber dimensions, and systolic function have been obtained in several species (Devereux and Reychek, 1977; Devereux et al., 1986; Voros et al., 1990; Pawlush et al., 1993) . Additionally, spectral Doppler imaging allows for measurement of hemodynamic variables, including red blood cell flow velocity and intravascular pressure differential (Lei et al., 1995) . Diverse echocardiographic modalities (e.g., unidimensional M-mode, two-dimensional B-mode, spectral Doppler, and color-flow mapping) have been employed for the evaluation of cardiac dysfunction and pulmonary hypertension in different species, including humans, horses, dogs, and cats (Kitabatake et al., 1983; Masuyama et al., 1986) . Initial utilization of echocardiography in turkeys by Einzig et al. (1980) revealed the potential of this technique for noninvasively monitoring cardiovascular performance in avian species. With repeated measurements of anatomical and dynamic characteristics of the chicken heart, chronological events in the evolution of cardiac disease may be established. Among chickens, an increased incidence of cardiomyopathies in broilers has been associated with genetic selection for a faster growth rate (Julian, 1993; Wideman and Bottje, 1993; Olkowski and Classen, 1995; Martinez et al., 1997) . Therefore, the present study was conducted to validate the use of echocardiography in chickens by correlating measurements obtained post-mortem with those obtained in vivo using M-mode and B-mode echocardiography, and to compare cardiovascular structure and function between fast-growing broiler and slow-growing Leghorn chickens.
MATERIALS AND METHODS
One-day-old broiler and Leghorn chickens were obtained commercially, reared together in a Petersime brooder unit, 3 and provided with ad libitum access to a standard broiler ration and water. At 5 and 7 wk of age, five birds from each line were randomly selected and studied echocardiographically. All in vivo anatomic and functional evaluations were performed using a Vingmed 700 colorflow mapping echocardiograph. 4 Images were obtained while birds were minimally restrained in a standing position. A 7.5-MHz probe placed in a parasternal position was used to generate the images. The probe was positioned 1 to 2 cm dorsal to the ventral midline just in front of the stifle joint and angled steeply cranially (Figure 1 ). Although images could be obtained from both the left and right side, the highest quality images were consistently obtained from the left side. Measurements of left ventricular free wall and interventricular septal thicknesses, and right and left ventricular lumen diameters were made on-line at the time of echocardiographic examination. Images were optimized for detection of endocardial surfaces in both M-and Bmode examinations. Diameters were measured between the atrioventricular valves and the papillary muscles for the left ventricle, and at the septal insertion of the atrioventricular valve for the right ventricle at both, endsystole and end-diastole. This was accomplished when echocardiographic images included portions of the tips from the left atrioventricular leaflets and a small portion of the right atrioventricular valve at its right ventricular free wall insertion. Accurate short axis cross-section of the ventricles was verified using two-dimensional images, checking for an essentially circular structure of the left ventricle. End-systole and end-diastole were identified as the smallest and largest distance between the endocardial surfaces of the ventricles during the cardiac cycle. Fractional shortening (end-diastolic diameter minus end-systolic diameter divided by end-diastolic diameter) was calculated for both right and left ventricles.
After echocardiography, birds were weighed and euthanatized by cervical dislocation. Hearts were removed via thoracotomy, and caudo-ventral aorta diameters were measured immediately distal to the aortic valve. Heart weights were obtained after removal of the vascular trunks at their insertion with the myocardium and without the pericardial sac. Subsequently, the ventricles were dissected from the atria, and left ventricular diameters, interventricular septal thicknesses, and right and left ventricular free wall thicknesses were measured between the endocardial insertion of the left atrioventricular valve and the papillary muscles. All post-mortem measurements were obtained using a Vernier caliper. 5 Right ventricular free walls and left ventricles with interventricular septum were weighed. The ratio of right ventricular weight/left ventricular plus septum weight was used as an index of right ventricular hypertrophy (Fulton et al., 1952; Odom et al., 1992) .
Analysis of variance was used to examine differences between echocardiographic (end-systolic, end-diastolic), and post-mortem measurements as repeated measures by age (5 and 7 wk old) and line (broiler and Leghorn chickens). Correlation coefficients between in vivo and post-mortem measurements were also obtained. Independent analyses of variance of completely randomized designs with a 2 × 2 factorial arrangement of age and line were performed for both echocardiographic and post-mortem data. For these analyses, echocardiographic diameters (right ventricle, left ventricle) and thicknesses (interventricular septum, left ventricular free wall), and post-mortem weights (lungs, heart, right ventricle, left ventricle), diameters (aorta, left ventricle), and thicknesses (right ventricular free wall, left ventricular free wall, interventricular septum) were normalized to BW (i.e., variable/BW) in order to compare variables across lines in a per kilogram of BW basis. Separation of means was tested using Duncan's multiple range test (Steel and Torrie, 1980) . All statistical analyses were performed using SAS ® software (SAS Institute, 1988) .
RESULTS AND DISCUSSION
Clear M-and B-mode images of the ventricles were obtained in all birds using a parasternal location of the 2 LVDD = left ventricular diameter at end-diastole; LVDS = left ventricular diameter at end-systole; LVTD = left ventricular wall thickness at end-diastole; LVTS = left ventricular wall thickness at endsystole; IVSTD = interventricular septum thickness at end-diastole; IVSTS = interventricular septum thickness at end-systole. *P < 0.05. **P < 0.01. ***P < 0.001. (Figure 2 ). Repeatable measurements of ventricular diameters and left ventricular wall thickness were also possible in all birds. Right ventricular free wall thickness, however, could not be measured consistently due to frequently indistinct epicardial edges. In a standing chicken, the epicardial edge of the right ventricular free wall is in close relation with the sternum and the cranial thoracic air sac, thus complicating the measurement of the right ventricular free wall thickness. The right ventricular epicardial edge was discernible in approximately 30% of the chickens examined. Similar difficulties have been reported in humans involving the lungs and the sternum. Machraoui et al. (1993) , reported a 68% success in obtaining end-diastolic thickness of the right ventricle in humans. To obtain better wall definition in humans, D'Cruz (1996) recommends a subcostal probe position. Apical and subcostal views were attempted in the present experiment, but no clear images were obtained due to air sac interference. Post-mortem values of the selected cardiac parameters were usually between diastolic and systolic echocardiographic measurements (Table 1) . Only the mean post-mortem measurement of the interventricular septal thickness in 5-wk-old broiler chickens was greater than both echocardiographic measurements (Table 1 ). Significant (P < 0.001) correlations with coefficients greater than 0.70 resulted between echocardiographic and post-mortem measurements of left ventricular diameter, left ventricular free wall thickness, and interventricular septal thickness (Table 2) . Post-mortem measurements exhibited greater correlation coefficients with diastolic than with systolic echocardiographic measurements. These results suggest that the flaccid TABLE 3. Mean post-mortem, BW, lung weight, and selected cardiovascular parameters of broiler and Leghorn chickens at 5 and 7 wk of age a-c Means (SEM) within a column with no common superscript differ significantly (P < 0.05). 1 NHW = heart weight normalized to BW; NRVW = right ventricular weight normalized to BW; NLVW = left ventricular weight normalized to BW; NAD = aorta diameter normalized to BW; NLVD = left ventricular diameter normalized to BW; NRVT = right ventricular wall thickness normalized to BW; NLVT = left ventricular free wall thickness normalized to BW; NIVST = interventricular septum thickness normalized to BW; HI = hypertrophy index (right ventricle weight/left ventricle + septum weight).
2 Lung weight normalized to BW. post-mortem heart more closely resembles the heart in diastole. Ventricular wall thicknesses also reflected the contractile state of cardiac muscle. As cardiac muscle contracts, overlapping of actin and myosin filaments reduces the length of the muscle, but increases its thickness. In accordance with this, systolic wall thickness measurements were significantly greater (P < 0.05) than diastolic measurements with the exception of left ventricular thickness and interventricular septum thickness in 5-wk-old broilers and left ventricular thickness in 7-wk-old Leghorns. Previous results in turkeys (Einzig et al., 1980) and mammals (Maron et al., 1977; O'Callaghan, 1985) have suggested that post-mortem measurements more closely resemble echocardiographic systolic than diastolic measurements. However, others (Pipers et al., 1978 (Pipers et al., , 1979 have reported no differences between postmortem and echocardiographic diastolic measurements. Preparation for post-mortem evaluation has varied between investigations, and the development of rigor mortis or the action of different fixative agents may be the cause of these discrepancies. Although there are inconsistencies in published reports, there is evidence for a better correlation of diastolic echocardiographic parameters with post-mortem measurements (Maron et al., 1977; O'Callaghan, 1985) . Due to rigor mortis, postmortem measurements may not be an appropriate parameter to compare with in vivo echocardiographic measurements. In the present experiment, however, post-mortem measurements were obtained immediately after euthanasia on unfixed hearts, and post-mortem values more closely resembling echocardiographic diastolic values suggest that measurements were obtained before the onset of rigor mortis. Thus, in the chicken, post-mortem measurements of left ventricular diameters from unfixed hearts appear to accurately reflect variations in echocardiographically derived diastolic diameters.
The increased incidence of cardiomyopathies in the broiler chicken population has been attributed to selective breeding for rapid growth, feed efficiency, and muscle development without proper attention being paid to cardiopulmonary development (Julian et al., 1987; Vidyadaran et al., 1990; Scheele et al., 1991; Odom, 1993; Olkowski and Classen, 1995; Martinez et al., 1997) . Studies comparing Red Jungle Fowl to commercial layers and Leghorn chickens to broiler chickens have documented the reduced respiratory capacity of the fastgrowing chicken. Reported evidence indicates that chickens selected for production traits and rapid somatic growth have smaller lungs, thicker blood-gas barriers, lower oxygen diffusing capacity, and reduced pulmonary valve development (Vidyadaran et al., 1987 (Vidyadaran et al., , 1990 Martinez et al., 1991) . Post-mortem data from the present study support the hypothesis that musculo-skeletal development in fast-growing broilers exceeds cardiovascular development. Although not always significant at both ages examined, when compared with Leghorn chickens, broiler chickens exhibited smaller heart weight, left ventricular weight, aortic diameter, left ventricular diameter, and ventricular myocardial thicknesses when normalized to BW (Table 3) . Right ventricular hypertrophy indices did not differ significantly between the lines.
Echocardiographic parameters further emphasized the reduced cardiovascular capacity of the broiler chicken. Compared to Leghorn chickens, broiler chickens had consistently smaller left and right ventricular diameters, and ventricular wall thicknesses at both endsystole and end-diastole (Table 4) . Of particular interest is the difference in left ventricular fractional shortening. Although fractional shortening varies greatly between and within species and is influenced by several factors, the difference observed between broiler and Leghorn (Julian and Mirsalimi, 1992; Maxwell et al., 1992) . With a reduced systolic function, broiler chickens may be capable of sustaining body growth in the absence of cardiac stress. However, in the event of an increased demand for tissue oxygenation, a heart with reduced systolic function may not be able to sustain a demand for greater cardiac output or an increased afterload and eventually fail. In avian species, previous reports of fractional shortening exist only for turkeys. Reported left ventricular fractional shortenings varied from 38.8 to 81.9% in apparently healthy turkeys ranging in age from 17 to 161 d, with the lowest percentage occurring in the oldest birds (Einzig et al., 1980; Noren et al., 1983; Edes et al., 1987) . No reports on right ventricular fractional shortening exist for avian species. Due to its asymmetrical conformation, echocardiographic reports of right ventricular performance in mammals have been scarce. In birds, the same difficulty is found. However, it appears that the presence of a unicuspid right atrioventricular valve instead of the tricuspid valve present in mammals, facilitates the observance of a clear endocardial surface. For the calculation of right ventricular ejection fraction in humans, Kaul et al. (1984) , have proposed the measurement of the long axis systolic shortening. With a clear image of the endocardial surface at the septal insertion of the right atrioventricular valve in the present experiment, the fractional shortening of the short right ventricular axis was obtained. This axis has been considered more representative of systolic function, as it contributes more to ejection fraction than the long axis shortening (D'Cruz, 1996) . Thus, short axis right ventricular fractional shortening may prove to be a useful tool for measuring right ventricular systolic performance in chickens. In the present experiment, right ventricular fractional shortening did not differ between the lines. In conclusion, this study establishes echocardiography as a reliable noninvasive technique for studying structure and function of the chicken heart. In addition, post-mortem and echocardiographic findings suggest that broiler chickens have relatively smaller structural and functional hearts than Leghorn chickens, which may be a predisposing factor in the development of several cardiomyopathies.
